dentity, enome to enome istance and single nucleotide polymorphism analysis. The three methods produced overlapping results, each demonstrating three clusters of strains corresponding to the same number of taxonomic entities. The distances were insufficient to warrant distinction at the species level, but met the criteria for differentiation at the subspecies level. Based on prior erm(41)-related phenotypic data and current genomic data, we conclude that the species M. abscessus encompasses, in adjunct to the presently recognized subspecies M. abscessus subsp. abscessus and M. abscessus subsp. bolletii, a third subspecies for which we suggest the name M. abscessus subsp. massiliense comb. nov. Single gene sequencing, such as the 16S rRNA or rpoB genes, has contributed to the discovery of novel taxa and to re-defining bacterial phylogenetic relationships as a whole. The increasing accessibility of whole genome sequencing (WGS) will influence and help define bacterial speciation, sub-speciation and epidemiology in novel ways.
The first report of Mycobacterium abscessus dates back to 1953 (Moore & Frerichs, 1953) . In 1972, it was re-classified as a subspecies of Mycobacterium chelonae (Kubica et al., 1972) . Twenty years later it again was elevated to species level (Kusunoki & Ezaki, 1992) .
Mycobacterium bolletii (Ad ekambi et al., 2006a) and Mycobacterium massiliense (Ad ekambi et al., 2004 (Ad ekambi et al., , 2006b were first described as novel species closely related to M. abscessus on the basis of rpoB gene sequence. Upon observation that these two species, presenting complete identity of 16S rRNA gene sequence, could not be separated from M. abscessus either by phenotypic features or DNA-DNA hybridization (DDH; all three subspecies having >70 % relatedness to each other), Leao et al. (2011) proposed combining M. abscessus, M. bolletii and M. massiliense in a single species: M. abscessus. Within this species two subspecies, namely M. abscessus subsp. abscessus and M. abscessus subsp. bolletii were distinguished, the latter including those isolates previously identified as M. massiliense or M. bolletii.
However, over recent years, mounting evidence has emerged that the strains included in the grouping of M. abscessus subsp. bolletii are not homogeneous (Cho et al., 2013; Sassi & Drancourt, 2014; Tan et al., 2015) . While all of them cause infections in humans, differences in susceptibility to macrolides, based on sequence and functionality differences in an erm gene, greatly influence the clinical treatment outcome (Kim et al., 2010) .
In 2006 it was for the first time reported that most clinically significant rapidly growing mycobacteria (RGM) in the Mycobacterium fortuitum group contain an inducible erythromycin ribosomal methylase (erm) gene that confers macrolide resistance (Nash et al., 2006) . At that time, macrolides were the treatment of choice for most susceptible species of RGM, including M. chelonae and M. abscessus (Griffith et al., 2007; Wallace et al., 1993) abscessus, designated erm(41), which is present in all three taxa of M. abscessus. However, the erm(41) gene of the former species M. massiliense is the shortest in sequence length of any of the previously evaluated erm genes as a consequence of two deletions of 2 bp and 274 bp, respectively. The deletions render the gene non-functional such that isolates of M. massiliense do not exhibit inducible clarithromycin resistance (Kim et al., 2010) . M. abscessus subsp. abscessus and the former species M. bolletii have an intact erm gene that confers macrolide resistance.
Inducible macrolide resistance has long remained unrecognized using MIC determination with reading at 3 days as recommended by NCCLS (2003) . The observation that MICs of most strains increase with additional incubation (Kim et al., 2010) led to move the reading to 14 days (CLSI, 2013) .
Current knowledge distinguishes multiple mechanisms and phenotypes of macrolide resistance which are differently presented by the strains belonging to the M. abscessus complex. Inducible resistance is presented by M. abscessus subsp. abscessus and the previously recognized species M. bolletii having a wild-type erm(41) gene but is absent when the latter gene has a T28C mutation. In contrast, inducible resistance is not presented by the previously recognized species M. massiliense. Inducible resistance is presented by about 80 % of M. abscessus subsp. abscessus and by almost the totality of the strains of the previously recognized species M. bolletii and is characterized by low or intermediate MICs.
Constitutive macrolide resistance, characterized by high MICs, may be present in the whole M. abscessus complex by consequence of a mutation at either the A2058 or the A2059 position of the 23S rRNA gene (Kim et al., 2010; Bastian et al., 2011; Brown-Elliott et al., 2015) . The clinical impact of these MIC differences was corroborated in a recent study assessing the clinical significance in differentiating the former species M. massiliense from M. abscessus (Koh et al., 2011) .
With the aim to clarify the taxonomic status of M. abscessus (especially the phylogenetic relationship of the former M. massiliense against the other two taxa within M. abscessus) we performed WGS of 41 strains cultured from sputum samples of 32 patients, mostly affected by cystic fibrosis. These strains had been identified as members of M. abscessus by rpoB gene sequencing. In addition, we sequenced the type strains of M. abscessus subsp. bolletii (CCUG 50184 T ) and of the former species M. massiliense (CCUG 48898 T ). The bioinformatic analysis also included the complete sequences, downloaded from GenBank, of M. abscessus subsp. abscessus ATCC 19977 T (NC_010397) and of the strains M24 and M115 (NZ_AJLY00000000, NZ_AJLZ00000000) reported previously as possible novel subspecies of M. abscessus (Sassi & Drancourt, 2014 ).
For WGS we used the Illumina MiSeq sequencer, Nextera XT library preparation kits and MiSeq reagent kits as instructed by the manufacturer (Illumina). The resulting reads were 'quality trimmed' using Trim Galore and assembled with the SPAdes software (Bankevich et al., 2012) . The assembled genomes were assessed for quality with QUAST (Gurevich et al., 2013) . The strains tested and genome information are presented in Table S1 (available in the online Supplementary Material). The annotation of genomes was accomplished with PROKKA (Seemann, 2014) . The average nucleotide identity (ANI) and the genome to genome distance (GGD) were calculated among all the strains using the OrthoANI calculator (Lee et al., 2016) . The calculation between each genome pair of the 46 strains produced 1035 values (46Â45/2) for both GGD and ANI. Based on GGD data, a neighbour-joining tree, rooted using the genome of Mycobacterium tuberculosis H37Rv
T as an outgroup, was reconstructed with MEGA version 6.06 software (Tamura et al., 2013 ).
The genomes above were mapped to M. abscessus ATCC 19977 T using the exact alignment program SARUMAN (Blom et al., 2011) . High-quality single nucleotide polymorphisms (SNPs) were extracted by customized Perl scripts, and the 97 162 SNP positions detected were concatenated into sequence alignments to be used as basis to infer a phylogenetic maximum parsimony tree with the Bionumerics software suite v7.5 (Applied Maths).
DDH is considered the reference for prokaryotic species circumscription. The ANI has been recently validated (Kim et al., 2014) as a computational alternative to DDH, where ANI values higher than 95-96 % are consistent with strains belonging to the same species. In contrast, no cut-off has been proposed yet to define the boundary of subspecies.
The distribution of the 1035 ANI values calculated between each genome pair analysed was typically bimodal and did not show any value between 97.7 and 98.4 (Fig. 1 ). Once the above-mentioned interval was adopted as cut-off, three clear-cut clusters emerged. Within each cluster, the ANI between single members was at least >98.4 % while the ANI between members of different clusters fell systematically under 96.7 %. The largest group encompassed 26 strains and included the type strain of M. abscessus subsp. abscessus. A second group consisted of 11 strains and included the type strain of M. abscessus subsp. bolletii, while nine strains, among which was the type strain of the former species M. massiliense, were present in the third group. The ranges of ANI values are reported in Table 1 GGD is the in silico equivalent of in vitro DDH; here, two strains characterized by values <0.0258 belong to the same species (Meier-Kolthoff et al., 2013) . Again, the distribution of GGD values produced three groupings coinciding completely with the values that emerged from ANI data (data not shown). As expected, the GGDs between the strains within each single cluster fell firmly under the cutoff (<0.0170); the ranges of GGD values are reported in Table 2 . The inclusion in the analysis (Fig. 2) of species (M. chelonae, M. franklinii, M. immunogenum and M. saopaulense) belonging to the M. chelonae/M. abscessus complex allows highlighting of the contrast between the closeness of the test strains and the clear-cut separation of independent, though closely related, species.
The SNP analysis (Fig. 3) confirmed three clusters embracing the same strains as the two previously described approaches, with an intra-cluster variability of <23 000 SNPs and an inter-cluster distance of >25 000 SNPs.
Out of five patients who yielded multiple isolates, three were shown to be infected by independent strains (4, 3 and 3 respectively). The remaining two subjects both had two isolates each (FRO13247, FRO14056 and MN6, MN352) , that were concordant and recognized by the three methods as belonging to a single strain per patient.
Interestingly, two of the strains (BERN12216 and NOV11006) which fell in the M. massiliense group exhibited the rpoB gene sequence specific for M. abscessus subsp. abscessus but a truncation in the erm(41) similar to that of M. massiliense.
Four of the strains clustering with M. massiliense and two belonging to the group that includes M. abscessus subsp. bolletii presented borderline GGD values, suggesting the possibility of belonging to species different from M. abscessus (Table S1 ). This assignment was, however, not confirmed by ANI and was in clear contrast with the close relatedness characterizing the members of each of the three clusters that emerged from the phylogenetic trees based on GGD and SNP distance matrices (Figs 2 and 3) .
Therefore, the analysis of 44 M. abscessus genomes (including the 3 type strains, but only two of the two couples of clonal isolates) clearly delineates three taxonomic entities whose most judicious delimitation is at the subspecies level. The two strains (M24 and M115) hypothesized to represent novel M. abscessus subspecies, clustered with M. abscessus subsp. bolletii and M. abscessus subsp. massiliense, respectively, such excluding hitherto further subspecies.
In accordance with our findings, Tettelin et al. (2014) , based on the WGSs of strains related to the previously recognized species M. massiliense, showed the clear distance separating this group from the reference strains of both M. abscessus subsp. abscessus and M. abscessus subsp. bolletii. This study corroborates the previous independent study by Bryant et al. (2013) in the UK, who performed phylogenetic analysis based on whole genome sequence data of the M. abscessus group on isolates from clustered outbreaks. The investigators identified deep genetic divisions which corresponded to the presence of three subspecies with high overall genetic similarity (Bryant et al., 2013) . They not only noted tight clustering from each patient indicating nearidentical genomic sequences but also showed many examples of large genetic differences among isolates from different patients with M. abscessus and the former M. massiliense.
A recent study identified core genome SNPs in isolates of M. abscessus derived from the USA as well as other isolates from outside the USA, including the UK, France, Brazil, Malaysia and China. Their analysis again revealed three genetic subgroups of M. abscessus consistent with proposed subspecies classifications .
Maintaining the proposed definition at the subspecies level rather than the species level is supported by the fact that rpoB and hsp65 genes of the former M. massiliense and the former M. bolletii show higher similarities than the proposed 3 % species cut-offs (Ad ekambi et al., 2006a; McNabb et al., 2004) . Specifically, the type strains for the former M. bolletii and former M. massiliense are only 1.46 % divergent by rpoB and only up to 2.13 % divergent when considering a larger collection of strains (Macheras et al., 2011) . In a previous investigation (Leao et al., 2009 ) the percentage of DDH among of the type strains of the three proposed subspecies was clearly >70 %, the universally recognized species threshold.
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Drancourt, 2014). These AAI values are consistent with the ANI values determined in this study, differing only marginally.
There is no question that there are three clades within the M. abscessus group. The proposal to maintain these within a single species rather than as three species is consistent with taxo-genomic findings to date, even though these are not well defined for the subspecies level. Probably, the best criterion that defines a subspecies was stated by Wayne et al. (1987) : 'Subspecies designations can be used for genetically close organisms that diverge in phenotype' (Wayne et al., 1987) . In this regard, the differences in macrolide susceptibility profiles expressed by the members of the M. abscessus complex is a phenotypic feature of notable clinical utility.
In summary, we propose that M. abscessus be divided into three separate subspecies. These are M. abscessus subsp. Mycobacterium abscessus (abs.ces¢sus. L. gen. n. abscessus of an abscess).
The following properties are displayed in addition to those listed in the species description in 1992 (Kusunoki & Ezaki, 1992) and emended in 2011 (Leao et al., 2011) . M. abscessus has a genome size of approximately 5 000 000 bp and includes an average of 5000 genes; the average DNA G+C content is 64 mol% (Table S1 ). In contrast to other closely related mycobacteria, M. abscessus is intrinsically resistant to most antimycobacterials; furthermore, it possesses the erm(41) gene. As previously discussed, this gene, when intact, encodes for a ribosomal methyltransferase which is responsible for inducible macrolide resistance (Nash et al., 2009) . Emended from the previous taxon description, Mycobacterium abscessus encompasses three subspecies: Mycobacterium abscessus subsp. abscessus (Moore & Frerichs, 1953; Kusunoki & Ezaki, 1992; Leao et al., 2011) Emended description of Mycobacterium abscessus subsp. abscessus Leao et al. 2011 M. abscessus subsp. abscessus (abs.ces¢sus. L. gen. n. abscessus of an abscess).
The description is as those given for Mycobacterium abscessus in 1972 (Kubica et al., 1972) and 1992 (Kusunoki & Ezaki, 1992) and for Mycobacterium abscessus subsp. abscessus in 2011 (Leao et al., 2011 The description is based on that given for Mycobacterium bolletii (Ad ekambi et al., 2006a) . In contrast to earlier emendation (Leao et al., 2011) 
